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Single-molecule magnet properties of a monometallic dysprosium pentalene complex
Alexander F. R. Kilpatrick Single-molecule magnets (SMMs) are coordination compounds that display a magnetic memory effect and an effective energy barrier (U eff ) to flipping of their magnetic dipoles. 1 Such materials have, thus far, proven to be of significant fundamental interest, however some SMMs have been incorporated into nanoscale molecular spintronic devices. 2 Ligand design continues to be a key strategy for addressing the properties of SMMs, particularly increasing the temperature at which slow magnetic relaxation can be observed. Synthetic approaches to the design of d-and f-block SMMs are dominated by Werner-type coordination chemistry, 3 however the organometallic approach to SMMs has led to some eyecatching recent examples. 4, 5 ) and its magnetically dilute analogue, which were synthesized according to Scheme 1.
(ii) NaCp* The addition of one stoichiometric equivalent of K 2 Pn † to MCl 3 (M = Y, Dy) in thf, followed by one equivalent of NaCp*, produced orange solutions from which crystals of 1 Dy and 1 Y were isolated in yields of 35% and 30%, respectively. X-ray crystallography confirmed the expected isostructural nature of 1 Dy ( Fig. 1 ) and 1 Y ( Fig. S4 ) (Tables S1, S2), with the metal centres being bound to an η 8 -Pn † ligand and an η 5 -Cp* ligand.
The Dy-Pn cent distances of 2.235(3) Å are significantly shorter than the analogous Cp cent distance of 2.344(5) Å ('cent' denotes the centroid of a C 5 ring). The Dy-C distances to the pentalene bridgehead carbon atoms C(4) and C(5) are 2.359(7) Å and 2.371(7) Å, whereas the distances to the wingtip carbons C(2) and C(7) are considerably longer at 2.749(6) Å and 2.731(6) Å, respectively. The Dy-C distances to the carbon atoms in the intermediate positions lie in the range 2.600(6)-2.640(6) Å and the pentalene fold angle is 26.9(4)° (Fig. S5 ). The range of Dy-C distances to the Cp* ligand is 2.610 (9) The overall temperature dependence of the susceptibility is indicative of depopulation of higher-lying crystal field states of Dy 3+ as the temperature is lowered, followed by the onset of magnetic blocking at very low temperatures. At 1.8 K and 5 K, the magnetization (M) of 1 Dy increases rapidly up to fields of about 10 kOe, followed by a more gradual increase at higher fields and reaching values of 5.0 µ B at 70 kOe (Fig. S6) . The SMM properties of 1 Dy were revealed through measurements of the in-phase (χ') and out-of-phase (χ'') A.C. magnetic susceptibility as a function of frequency (ν) (Figs 2 and S7). The χ''(ν) plot shows a series of well-defined maxima in the temperature range 2-41 K, with the position of the maxima shifting to higher frequencies as the temperature is raised. Cole-Cole plots of χ''(χ') in the same temperature range produced parabola-shaped curves, and fitting of the data with a generalized Debye model yielded α parameters of 0.02-0.22, indicating a narrow distribution of relaxation times. Relaxation times, τ, were extracted from the A.C. susceptibility data and plotted as a function of T -1 (Fig. 3) , and the data were fitted according to equation 1:
In equation 1, ߬ ିଵ and U eff denote the Orbach parameters, C and n denote the Raman parameters, and ߬ ିଵ is the rate of quantum tunnelling of the magnetization (QTM). The following parameters were extracted for 1 Dy : U eff = 188 (11) Magnetic hysteresis in 1 Dy was observed by measuring the field-dependence of the magnetization with a sweep rate of 6.6 Oe s -1 . Waist-restricted hysteresis loops were observed up to 2.4 K, although without any coercivity owing to prominent QTM processes. Similar measurements on Dy@1 Y allowed wider loops with small (e.g. 100 Oe at 1.8 K) coercive fields to be observed up to 3.0 K, which is consistent with the reduced significance of QTM in the diluted sample.
To provide further insight into the magnetic properties, the electronic structure of 1 Dy was studied by multi-reference ab initio calculations. 13 The coordinates of the heavy atoms were used in the calculations as determined by X-ray crystallography, and the positions of H atoms were optimized at the DFT level (see ESI for details). The experimental and calculated χ M T(T) agree well (Fig. S6) (Fig. S6) . The energies of the eight lowest Kramers' doublets within the ground 6 H 15/2 multiplet of 1 Dy , along with the principal components of the respective g-tensors and the angles between the ground and excited doublets are listed in Table  S3 . The principal magnetic axis of the ground doublet in 1 Dy passes through the centre of the Cp* ligand and the midpoint of the fused pentalene C-C bond (Fig. 1) . The ground doublet is almost axial, with a large g z component and small transverse components, hence the QTM is completely blocked in the ground doublet. The angles between the magnetic axes of the ground doublet and the first three excited doublets are small, and then quickly become perpendicular in the higher doublets. The first excited doublet lies at 197 cm -1 , which is quite close to the experimentally observed barrier height of 188 cm -1 in 1 Dy . In the first excited state, the transverse components of the g tensor are still small, but not vanishingly so, and the QTM process is not completely blocked. Based on the experimental evidence, the QTM in this doublet is significant enough such that thermally activated QTM via the first excited doublet is the dominant relaxation mechanism. The splitting of the 6 H 15/2 multiplets in 1 was studied further by calculating the ab initio crystal field (CF) parameters, 14 which are listed in Table S4 . The decomposition of the SO-RASSI wave-functions of the sixteen lowest states (eight lowest doublets) into squared projections onto ‫ܯܬ|‬ ൿ states (where J = 15/2) is given in Table S5 . The states in the lowest doublet have large squared projections (0.925) on the M J = ±15/2 states, as is usual for Dy 3+ SMMs. 6, 7 The M J states become increasingly mixed as one moves to higher doublets. The first excited doublet has a squared projection of 0.888 on the M J = ±13/2 state and therefore still approximates to the M J = ±13/2 states. In higher doublets the correspondence of the SO-RASSI states with a single given M J state is lost. The mechanisms for the relaxation of magnetization in 1 Dy was studied by constructing the qualitative relaxation barrier using a previously proposed method. 15 Plotting the energies of the lowest states against their respective magnetic moments, with the states being connected by their transition magnetic moment matrix elements, provides the relaxation route corresponding to a pathway traced by the largest matrix elements. The resulting plot (Fig. 4) retains its "barrier-like" structure up to the sixth doublet. Based on the calculations, the most probable relaxation route in 1 Dy is an Orbach mechanism via the third excited Kramers doublet at 498 cm -1 .
However, the experimental data for 1 Dy show that the relaxation takes place via the first excited doublet. The QTM in this doublet is weak (roughly an order of magnitude stronger than in the ground doublet), but strong enough to overcome the Orbach route. , the bridgehead pentalene carbon atoms, which occupy axial positions and are much closer to the metal centre, should also enhance the magnetic axiality. However, it is noticeable that the other Dy-C(Pn) distances -and the positions of the carbon atoms with respect to the metal centre -are similar to those found in dysprosium complexes of the [COT] 2-ligand. (Table   S4 ) also explains the significant mixing of the higher-lying Kramers doublets. The principal reason for the magnetic 
